Abbreviations: SRS: Stereotactic Radiosurgery; DTI: Diffusion Tensor Imaging; WM: White Matter.
Introduction
In the past few years, various functional imaging methods have been developed and evaluated to assess tumor response to treatment and normal tissue injury in radiation therapy (1) (2) . Magnetic resonance imaging (MRI) has been proven to be a powerful tool to provide both anatomic and functional information. Among various MRI techniques, dynamic contrast enhanced (DCE)-MRI, dynamic susceptibility contrast DSC-MRI and diffusion tensor imaging (DTI) have been considered as useful tools to assess treatment response of radiation therapy. Specifically, DCE-MRI is used to measure the pharmacokinetics of tumor and normal tissue, providing valuable information on vascular permeability, distribution volume and available interstitial space for contrast agent (3) (4) (5) . DCE-MRI has been correlated with local control, disease-free survival, and overall survival in multiple tumor sites, including lung (3), cervix (4) , and colorectal cancer (5) . DSC-MRI is used to measure vascular perfusion properties from the imaging data such as blood volume, blood flow and mean transit time (6) (7) . DSC-MRI has been Technology in Cancer Research & Treatment, Volume 13, Number 1, February 2014 evaluated to predict the response of high-grade gliomas to radiotherapy (7) . DTI is used to quantify three-dimensional (3D) spatial properties of water molecular diffusion processes, and as such probe tissue structure at a microscopic scale (8) (9) (10) (11) (12) . Being a useful tool, MRI-DTI can be used to study changes in white matter (WM) microstructure. In this work, DTI was used to assess radiation-induced changes in WM caused by radiation therapy.
Radiation therapy is commonly used for the treatment of brain tumors. However, radiation-induced injury to normal tissue limits the dose that can be delivered. Specially, radiation may cause detrimental effects on the central nervous system, resulting in neurologic side effects. For example, WM in the brain is generally vulnerable to radiation, which may compromise sensory and neurocognitive functions. In the past few years, radiation-induced WM damage has been investigated (13) (14) (15) (16) (17) .
Owing to the fact that diffusion is an intrinsic and independent physical process, DTI provides valuable quantitative measures of tissue structure, especially for myelineated fiber bundles in WM. Early works have demonstrated the capabilities of DTI for 3D tracking of axonal projections (8, 18) . Recent studies have found DTI a potential biomarker of WM damage (15) (16) (17) 19) . In 2004, Huisman et al. (17) reported that changes in the WM detected by DTI could be correlated with diffuse axonal injury. Lately, Chapman et al. (19) reported a potential correlation between early diffusion changes and radiation-induced late delayed neurocognitive decline and suggested DTI as a potentially useful biomarker for predicting late delayed cognitive decline. Although radiation-induced WM damage has been investiagted in conventional fractionated radiation therapy (15) (16) (17) 19) , few studies have been carried out to investigate radiation-induced changes in WM following stereotactic radiosurgery (SRS).
Stereotactic radiosurgery has been an effective treatment method for the management of brain metastases, acoustic neuromas and other brain diseases, which often delivers high radiation dose in a single fraction (20) (21) (22) (23) (24) . SRS differs from conventional fractionated radiotherapy in its much greater fractional dose and its hypofractionation scheme. As a result, SRS might have different effects on biological response from conventional radiotherapy. In this work, MR DTI was used to assess radiation-induced WM changes following SRS.
Materials and Methods

Patients
As summarized in Table I , fifteen patients were enrolled in this study, who were previously treated with partial brain irradiation (PBI) or SRS. All the patients had recurrent, unifocal malignant gliomas, each up to 5 cm in maximum dimension. The study was approved by institutional review board (IRB), and patients gave their written informed consent before their participation. Prior to treatment, all the patients were scanned with computed tomography (CT) for treatment planning. The patients were then treated with dynamic conformal arc therapy, intensity modulated radiotherapy or volumetric modulated radiotherapy. The prescription doses received by the patients ranged from 18 Gy to 25 Gy, which covered 99.0% of planning target volume or greater. Patients diffusion of water. Furthermore, based on the diffusion tensors calculated from DTI, the structure of neural fibers were tracked in WM, which could be both visually assessed and quantitatively measured. Generally, the course of a fiber is defined by following the direction of the maximum diffusion. Before tracking is initiated, the user can adjust the FA threshold and the minimum fiber length. In this study, the default FA threshold is 0.30, and the minimum fiber length is 80 mm. Tract seeding is performed within a defined volume of interest (VOI).
Volume of Interest
In the work, the volume of normal-appearing WM of each patient was first contoured, which was the WM tissue appearing normal on T1-and T2-weighted imaging. A VOI in the normal-appearing WM was then defined to assess radiation-induced WM changes caused by SRS. In this work, the volumes of normal-appearing WM receiving dose 5 Gy and 12 Gy were used as irradiated WM VOIs. To compare with diffusion indexes in the irradiated WM VOIs, a non-irradiated WM VOI was also defined in the contralateral region of brain for each patient, with a volume having an order of magnitude of 10 cc. The diffusion indexes in the non-irradiated WM volumes were measured for reference when comparing with those in the irradiated WM VOIs.
Statistical Analysis
Statistical analysis was performed using a commercial software referred to as Statistical Package for Social Sciences program (SPSS Software Products, Chicago, IL). Descriptive statistics of D, FA and NF tracked were obtained for the VOIs of each patient. The Wilcoxon signed-rank test was used to assess the differences before and after SRS. Statistical significance was considered at p  0.05.
Results
All the 15 patients received the SRS treatments as planned.
As described previously, all patients were scanned with MRI before SRS, and about 7 days and two months after SRS. All the MRI data were processed to derive diffusivity characteristics of the patients. Figure 1 shows the images of a selected patient, in which the planning target volume (PTV) containing the brain tumor is illustrated in red. Specifically, as shown in Figure 1 (A) and (B) , the PTV is illustrated in 3D in both CT and MRI, respectively. Figure 1 (C) shows a 3D view of the FA map of the patient. Figure 1 (C) also shows the structure of neural fibers that passing through the VOI of WM receiving 5 Gy. Figure 1 (D) shows a 3D view of D map of the patient, in which both PTV and the structure of neural fibers are illustrated.
were also scanned with MRI 1-4 days prior to SRS and about 7 days and two months following SRS.
MRI Studies
All MRI scans including DTI were acquired on a 1.5T clinical scanner (GE Healthcare, Milwaukee, WI) using a standard quadrature birdcage head coil. The imaging protocol included T1-and T2-weighted imaging, DTI, and 3D high-resolution post-contrast T1-weighted imaging. DTI scans were acquired axially using a spin-echo echo-planar imaging sequence (TR 5 9,100 ms, TE 5 98 ms, field of view 5 30 3 30 cm 2 , matrix size 5 128 3 128, slice thickness 5 5 mm, gap 5 0 mm, no average). In each DTI scan, diffusion-sensitized gradient encoding with a diffusion weighting factor of b 5 1,000 s/mm 2 was applied in six directions, and one set of images without diffusionsensitized gradient encoding (e.g. b 5 0 s/mm 2 ) was also acquired.
Image Registration and Processing
All the DTI images acquired before and after SRS were coregistered with the high-resolution 3D T1-weighted images that was acquired during the first MRI scan before SRS. Similarly, the treatment planning CT images were also registered with the high-resolution 3D T1-weighted images. In this way, the contoured structures and radiation dose maps calculated on the treatment planning CT could be projected to the DTI images. The image registration was carried out in the BrainLAB iPlan 4.1 commercial treatment planning software (BrainLAB, Feldkirchen, Germany).
DTI Image Analysis
By measuring diffusion-driven displacements of water molecules in tissue, DTI was used in this work to investigate the structural changes in WM caused by SRS. Diffusion tensors were calculated and fiber tracking was performed using BrainLAB iPlan 4.1. Three diffusion indices: apparent diffusion coefficient (D), fractional anisotropy (FA) and number of fibers (NF) were derived from the diffusion tensors. The diffusion index D is a quantitative measure of magnitude of diffusion, which is generally calculated as the mean of the diffusivities in three orthogonal directions. The diffusion index FA is a quantitative measure of direction or anisotropy of diffusion, which can be derived from the eigenvalues of diffusion coefficients along three orthogonal directions. In WM of brain, the greater the FA value, the more restricted water molecular diffusion, implying greater oriented neural fiber structures. Generally, the FA value ranges from 0 to 1, in which the value of 0 indicates ideal isotropic water diffusion, while the value of 1 indicating the highest anisotropic To assess radiation-induced changes in the normal-appearing WM, we performed a quantitative analysis of temporal changes in the parameters of D, FA and NF, which were measured before and after SRS. As shown in Figures 2-3 , the mean D of the VOIs of WM receiving 5 Gy increased by 0.71 6 1.1% (p 5 0.53) after about 7 days of SRS and increased by 2.3 6 3.2% (p 5 0.36) after two months of SRS, while the mean D of the VOIs of WM receiving 12 Gy decreased by 0.10 6 1.5% (p 5 0.28) after about 7 days of SRS and decreased by 2.1 6 1.8% (p 5 0.11) after two months of SRS. Being reference, the mean D of the VOIs of non-irradiated WM was also measured. As shown in Figure  4 , the mean D in the non-irradiated VOIs decreased by 1.4 6 1.3% (p 5 0.16) after about 7 days of SRS and increased by 0.3 6 1.9% (p 5 0.53) after two months of SRS. All these changes were small and were not statistically significant.
Similarly, variation of FA was also measured in both irradiated and non-irradiated WM VOIs. As shown in Figure 4 , increased by 2.3 6 1.9% (p 5 0.14) after about 7 days of SRS and increased by 1.3 6 2.4% (p 5 0.51) after two months of SRS. The changes of FA in the VOI of nonirradiated WM were much less than those in the irradiated VOIs and were not statistically significant. Compared with variation of FA in the non-irradiated WM VOIs, the FA of the irradiated VOIs demonstrated statistically significant decrease after two months of SRS.
As discussed previously, neural fibers could be tracked using the calculated diffusion tensors and quantified with NF. Figure 4 , increased by 10 6 29% (p 5 0.95) after about 7 days of SRS and increased by 40 6 37% (p 5 0.22) after two months of SRS. Compared with those of the VOIs of non-irradiated WM, the mean NF of the VOIs of irradiated WM showed obvious declines after SRS. Especially, the data showed that the decline in the NF of the VOIs of WM receiving 5 Gy was statistically significant after two months of SRS. For easy visualization, the temporal changes of one patient before and after SRS were illustrated intuitively in 2D and 3D views in Figure 5 . The decline of NF passing through the irradiated VOI after SRS can be easily appreciated in Figures 5 (D-I) .
Discussion and Conclusion
In this work, the relative changes in D, FA and NF were quantified following SRS. In the irradiated WM volumes, the variation in D was small and was not statistically significant. In contrast, FA decreased significantly by 6.8% with nearly 40% decline of NF after two months of SRS in the VOIs of WM receiving 5 Gy; FA decreased significantly by 9.4% with about 25% decline of NF after two months of SRS in the VOIs of WM receiving 12 Gy. The results suggested that FA and NF might be more sensitive indicators than D in measuring radiation-induced changes of WM.
The changes of D and FA in the VOI of non-irradiated WM were generally small and remained stable before and after SRS. It was interesting to note that the mean NF of the VOIs of non-irradiated WM increased considerably large, although the variation was not statistically significant. It remained unclear why the data showed the increase in the mean NF of the VOI of non-irradiated WM after SRS. This should be investigated further in a future study.
In this study, the normal-appearing WM volumes receiving 5 Gy and 12 Gy were used as VOIs. According to the Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) (25) , the "volume receiving 12 Gy" is considered as a useful measure of normal brain dosimetric tolerance for radiosurgery and is recommended as the standard method of reporting the dose to the normal brain in radiosurgery procedures. In this work, we found the volume of WM receiving 12 Gy was very small in certain patients, especially for the patients receiving the prescription dose of 18 Gy. Therefore, in addition to the volume of WM receiving 12 Gy, the WM volume receiving dose 5 Gy was also used in this work as the VOI to assess the radiationinduced changes in WM. Furthermore, non-irradiated WM volume in contralateral region was selected for reference and comparison.
It should be noted that there was a potential weakness with this study. All the patients in this study were enrolled under an approved and existing IRB protocol of recurrent malignant gliomas. Rate of patient participation and complicance was high under this protocol; however, all the patients were previously treated with PBI or SRS prior to the study. Although most of these previous treatments, except for one patient, were delivered more than one year ago, the treatment history might complicate the analysis of the data of this work. In a future study, patients without prior treatments would be considered for enrollment.
In this study, DTI data demonstrated temporal changes in WM after SRS. These preliminary results suggested that DTI could be a potentially valuable tool to assess radiationinduced WM changes in SRS. Further work is required to investigate potential clinical value of DTI in other diseases commonly treated using SRS such as brain metastasis.
Although it is still preliminary, this pilot study may be useful to provide insights for future studies.
